ABSTRACT The tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), is an important pest of cotton that also feeds on other crops and many wild hosts. In the mid-South, where tarnished plant bugs in cotton are controlled exclusively with synthetic insecticides, infestations resulted in >29% of all yield loss attributed to insect damage and the control costs exceeded US$10 per acre in 2013. They have developed resistance to the most commonly used insecticides. Estimations of gene flow and migration are important to understand the spread of resistance in tarnished plant bug populations. Here, we analyzed tarnished plant bugs collected from July to September, 2006, to estimate population genetic parameters using 13 microsatellite markers. Our data indicated that tarnished plant bug populations in the study area had undergone a population bottleneck and all loci deviated from Hardy-Weinberg equilibrium in one or more collections. Bayesian simulations and factorial correspondence analysis indicated the presence of two genetic clusters in the tarnished plant bug populations in the study area. Proportions of insects separated into the two genetic clusters changed from July to September. Genetic differentiation and reduced gene flow between populations were also observed. We postulate that while random genetic drift and gene flow may have contributed to the seasonal variations observed in the study populations, selection by insecticide sprays in cotton during 2005-2006 as well as other extrinsic factors could also have played a significant role in the temporal variation in genetic structure observed in the tarnished plant bug populations.
Introduction
The tarnished plant bug, Lygus lineolaris (Palisot de Beauvois) (Hemiptera: Miridae), is a pest of numerous crops throughout the world (Bariola 1969 ). In the midSouth, tarnished plant bugs are a key pest of cotton where it is controlled exclusively with synthetic insecticides . Historically, this insect was considered an early-season pest that could damage presquaring cotton and cause growth deformities and a delay in fruiting and boll maturity (Hanny et al. 1977) . During the flowering period, tarnished plant bugs were coincidentally controlled with broadspectrum insecticides that targeted other key pests such as the bollworm, Helicoverpa zea (Boddie), tobacco budworm, Heliothis virescens (F.), and boll weevil, Anthonomus grandis grandis (Boheman) (Nordland 2000) . The widespread adoption of transgenic Bollgard cotton in 1996 and the successful eradication of boll weevil have significantly reduced the number of broadspectrum insecticides applied to flowering cotton targeting these pests. This reduction in the use of broad-spectrum insecticides resulted in increased densities of pests indirectly suppressed by the broadspectrum insecticides, particularly tarnished plant bugs, and was followed by an increase in targeted insecticides applied for their control in flowering cotton.
In the mid-South, tarnished plant bugs have become a more consistent mid-to late-season pest of cotton and the numbers of insecticide applications targeting this pest have increased. In addition, tarnished plant bugs have simultaneously developed resistance to the insecticides most commonly used for their control. Tarnished plant bug resistance to pyrethroids was first documented from isolated populations in Mississippi during the early to mid-1990s Elzen 1995, Snodgrass 1996) , and has since spread across the mid-South Scott 1999, 2000) . Some
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1 Southern Insect Management Research Unit, USDA-ARS, Stoneville, MS 38776. populations that were highly resistant to pyrethroids were also resistant to some organophosphate and cyclodiene insecticides (Snodgrass 1996) . The organophosphate acephate became the most widely used and effective insecticide applied for tarnished plant bug control in cotton after the development of pyrethroid resistance. However, resistance to acephate was detected in 2005 and became widespread in the mid-South by 2007 (Snodgrass et al. 2009 ). Pyrethroid resistance is inherited as a recessive trait (Snodgrass 1996) , whereas resistance to acephate appears to be semi-dominant (Snodgrass et al. 2009 ).
Understanding the spread of resistance to insecticides in natural populations requires knowledge of insect dispersal (immigration and emigration) and gene flow (exchange of genes) among populations. Migration of resistant phenotypes can alter the rate of resistance development in populations (Dunley and Croft 1992) . Fluorescent dyes have been used to track movement of bugs (Bancroft 2005) , and geographical information systems (Carrière et al. 2006 ) have been used to explore the scale of dispersal of western tarnished plant bug, Lygus hesperus (Knight), in the western United States. These studies indicated that the average distance moved by L. hesperus males was higher than the distance moved by females and that there was a significant bias in movement along the east-west axis compared with north-south axis. The maximum distance traveled in a day was 7 m along the east-west axis. In addition, crop landscape significantly affected L. hesperus dispersal (Carrière et al. 2006) . Currently there are no data on dispersal or gene flow of the tarnished plant bug.
Codominant genetic markers such as microsatellites have frequently been used in population genetic studies to estimate gene flow, and thus dispersal (Balloux and Lugon-Moulin 2002) . Microsatellite markers have been developed for Lygus species to study gene flow among different populations , Shrestha et al. 2007 . However, population genetic parameters of this species have not been studied using these genetic markers.
Variation in allele frequencies of finite-sized populations may occur not only in space, but also over time due to various factors such as migration, genetic drift, selection, and population bottlenecks (Waples 1989b,a) . As a result, estimates of population genetics parameters derived directly or indirectly from allele frequencies can also be sensitive to temporal variation. Tarnished plant bug populations in agricultural areas are faced with constantly changing food and breeding resources, control measures, and other environmental factors. Temporal changes in allele frequencies may be indicative of genetic drift or adaptive changes. This study analyzed tarnished plant bugs on a delimited geographic area along an approximately 15-km transect in Washington County, MS, over a 4-mo period from May through September, 2006, to evaluate the population genetic structure and to estimate gene flow and migration rates of this economically important pest. Information presented provides knowledge that can be used to design more effective integrated management systems for the control of this pest.
Materials and Methods
Insect Collections. Insects used in this study were collected from five locations near Stoneville in Washington County, MS (Fig. 1, Table 1 ). At least 100 adults were collected from each location in May, July, and September of 2006, and all were taxonomically identified based on morphology before extracting DNA.
Insects were collected with a 38-cm-diameter sweep net from wild hosts that included various species of pigweed, Amaranthus spp. (Amaranthaceae: Caryophyllales), and horseweed, Conyza canadensis (L.) Cronquist (Asteraceae: Asterales). For each collection, host plants were sampled by taking sets of 25 sweeps. After each set, tarnished plant bug adults were removed from the net with a vacuum aspirator. Insects from each location were placed into 3.79-liter cardboard buckets. The buckets were covered with a layer of cheesecloth and transported to the laboratory. In the laboratory, insects were counted and placed into individual microcentrifuge tubes and stored in a À80 C freezer until they were used for DNA extraction.
DNA Extraction and Genotyping. Genomic DNA was extracted from individuals using the MasterPure reagent system (Epicentre Technologies, Madison, WI) following the manufacturer's protocol. DNA samples were quantified using the Quant-iT PicoGreen assay kit (Life Technologies, Carlsbad, CA) for doublestranded DNA. One microgram of DNA from each specimen was adjusted to a 50-ml volume with 10 mM Tris-HCl, pH 8.0 (20 mg/ml final concentration), and one microliter of this DNA solution was used per genotyping reaction.
Ninety-six adults from each collection were genotyped at seven microsatellite marker loci developed for tarnished plant bugs (LlMS1-15, EF112178.1; LlMS1-26, EF112179.1; LlMS2-25, EF112181.1; LlMS2-47, EF112182.1; LlMS3-16, EF112183.1; LlMS3-60, EF112184; and LlMS3-91, EF112177.1; Perera et al. 2007 ) and seven transferred from L. hesperus (LhMS1-43, EF451806.1; LhMS1-47, EF451807.1; LhMS1-94, EF451808.1; LhMS1-95, EF451809.1; LhMS2-17, EF451810.1; LhMS2-63, EF451813.1; and LhMS3-53, EF451815.1; Shrestha et al. 2007 ). Genotyping was carried out at the U.S. Department of AgricultureAgricultural Research Service (USDA-ARS) Mid-South Area Genomics and Bioinformatics Research Unit following the protocol adapted from Taliercio et al. (2006) as outlined in Perera et al. (2007) using ABI 3700xl sequence analyzer instruments (Life Technologies, Carlsbad, CA). Genotypes identified by GeneMapper 3.5 software (Life Technologies, Carlsbad, CA) were confirmed manually prior to processing.
Statistical Genetic Analyses. GENEPOP web version 4.2 Rousset 1995, Rousset 2008 ) was used to perform pair-wise gene flow analysis using private alleles, and to convert microsatellite data to FSTAT 2.9.3.2 (Goudet 2002 ) and ARLEQUIN 3.5 (Excoffier and Lischer 2010) input formats. FORMA-TOMATIC 0.8.1 software (Manoukis 2007 ) was used to convert the data to the STRUCTURE 2.3.4. (Pritchard et al. 2000) input file format. Null allele frequencies were estimated using Micro-Checker software (Van Oosterhout et al. 2004) , and allelic richness and private allele richness of microsatellite loci across all populations were calculated by rarefaction using HP-Rare software (Kalinowski 2005) . FSTAT software was used to calculate genetic variability, represented by the number of alleles per locus and sample, and observed (H o ) and expected (H e ) heterozygosity. Deviation from Hardy-Weinberg equilibrium (HWE), genotypic linkage disequilibrium (LD), and fixation indices (F IS ) were calculated for each population according to Weir and Cockerham (1990) using FSTAT (Goudet 2002 ) with a Bonferroni correction (Rice 1989) for multiple testing. Web-based SMOGD software (http://www.ngcrawford. com/django/jost/) (Crawford 2010 ) was used to calculate basic parameters such as absolute and relative differentiation (D ST and G ST , respectively ; Nei 1973 ), between population heterozygosity (H ST ; Aczél and Daróczy 1975, Tsallis and Brigatti 2004) , effective number of distinct subpopulations (D ST ), actual differentiation (D), the proportion of intrapopulation heterozygosity to total heterozygosity (H S /H T ), and the Five collection sites were labeled A-E and the collections made in May, July, and September are designated 1, 2, and, 3 respectively. Number of insects successfully genotyped from the three collections in May (collection 1), July (collection 2), and September (collection 3) from each collection site (A-E) are shown. Distances between pairs of sites in kilometers (Km) were calculated using the formula proportion of total heterozygosity (Jost 2008) contained in the average subpopulation (D S /D T ). Estimated parameters, which are more suitable for describing small sample sizes, included harmonic mean of sample sizes, nearly unbiased estimators of within-subpopulation, total subpopulation, and between population heterozygosity (H S_est , H T_est , and H ST_est , respectively), nearly unbiased estimator of relative differentiation (G ST_est ), standardized measure of genetic differentiation (G' ST_est ), and the estimator of actual differentiation (D est ) for all loci across populations (Nei and Chesser 1983 , Hedrick 2005 , Jost 2008 ).
To evaluate genetic structure of populations collected in different locations or at different time points during the growing season, genotype data were pooled either by location (five pools) or by collection time (three pools) to perform analysis of molecular variance (AMOVA ; Weir Cockerham 1984 , Weir 1990 , Excoffier et al. 1992 ) using ARLEQUIN 3.5 software. The significance of the components was tested with 10,000 permutations. The Garza-Williamson Index (Garza and Williamson 2001) , an indicator of population bottlenecks, and the effective number of migrants N m were also calculated using ARLEQUIN 3.5 software.
Factorial correspondence analysis (FCA) is an exploratory descriptive data analysis technique used to identify systematic relations between variables without a priori assumptions or expectations about the relationships (Burt 1950 , Hill 1974 , Benzécri 1992 . Each individual in a population can be characterized by its multilocus genotype (MLG), and FCA can be used to visualize MLG similarities (or differences) by plotting the centroid values of MLGs as points in a hyperspace containing as many dimensions as the total number of alleles at all loci. FCA on populations was carried out using GENETIX v 4.05.2 (Belkhir et al. 1996 (Belkhir et al. -2004 software. Potential for genetic structure within tarnished plant bug populations was evaluated with a Bayesian approach using STRUCTURE v2.3.4 software using a burn-in of 100,000 iterations followed by Markov chain Monte Carlo (MCMC) simulation for K (populations or clusters) from 1 to 10 under the admixture model with prior information on population collection sites provided. Results generated from STRUCTURE 2.3.4 were processed with Structure Harvester (Earl and vonHoldt 2012) , a web-based application implementing the Evanno method (Evanno et al. 2005) for identifying potential genetic clusters. The Evanno method calculates the ad hoc statistic DK based on the rate of change in the log probability of data between successive K values. The K value with the highest DK is equivalent to the number of genetic clusters in the population. After selecting the best Kvalue using the initial DK, the STRUCTURE program was run using 20 replicates for each K value from 1 to 8 with 500,000 burn-in replicates followed by 1,000,000 MCMC replications to calculate DK.
Results
DNA was extracted from 1,440 tarnished plant bugs, and they were genotyped at 14 microsatellite loci. The locus LlMS2-25 was hypervariable in most of the populations and was not used in the statistical analyses due to uncertain accuracy of the data. Genotype data from 1,418 individuals with four or fewer missing data points at 13 of the microsatellite loci were used in the statistical analyses. The total number of alleles per locus in individual collections ranged from 1 (LhMS1-47: collections B1, A2, C2, D2, and E2) to 16 (LlMS3-60: collection B3), and the total number of alleles per locus across all collections ranged from 9 to 25 for LhMS1-47 and LlMS3-60, respectively (Supp . Table S1 [online only]).
Allelic richness, also known as mean number of alleles per locus or allelic diversity, is a commonly reported measure of genetic variation and can be used as an indicator of population bottlenecks (Leberg 2002) . Rarefaction is a statistical method used to obtain unbiased estimates of allelic richness (Hurlbert 1971 , Leberg 2002 . Allelic richness and private allelic richness for the 13 microsatellite loci used in this study, and the average for each population across the alleles calculated by rarefaction (Kalinowski 2005) are given in Supp. Tables S2 and S3 (online only), respectively. Average allelic richness across all loci ranged from 3.0 6 1.48 (collection E3) to 3.46 6 1.63 (collection A2), and no significant deviations were apparent between populations collected at different times from the same location. For the populations collected in May, July, and September, the mean private allelic richness 6 SD averaged over the 13 loci were 0.264 6 0.129, 0.164 6 0.038, and 0.128 6 0.013, respectively, indicating a general reduction in the proportion of private alleles over the season. The Garza-Williamson index (M) is considered an indicator of population bottlenecks. Several studies have shown that the M values for populations that have been subjected to bottlenecks tend to be <0.70 (Garza and Williamson 2001, Li et al. 2010) . For the tarnished plant bug populations studied here, the M values ranged from 0.283 6 0.126 for the population B1 to 0.524 6 0.260 for the population D3 (Supp Table S4 [online only]), suggesting these populations had suffered bottlenecks. The basic population parameters (H S , H T , D ST , G ST , H ST , D ST , D, H S /H T , and D S /D T ), which assume that exact allele frequencies of populations are known, were calculated from genotype data and nearly unbiased estimators of basic parameters (appropriate for small sample sizes where exact allele frequencies are not known) were estimated. All basic parameters and the estimators of within-subpopulation heterozygosity (H S_est ), totalsubpopulation heterozygosity (H T_est ), relative differentiation (G ST_est ), the standardized measure of genetic differentiation (G' ST_est ), and the estimator of actual differentiation (D est ) for all loci across all populations are given in Table 2 . H S_est ranged from 0.016 (locus LhMS1-47) to 0.858 (LlMS3-60). The lowest (0.016) and highest (0.869) H T_est were likewise estimated for the same two loci. G ST_est ranged from 0.001 (LhMS1-47) to 0.098 (LhMS2-63), and G' ST_est ranged from 0.001 (LhMS1-47) to 0.099 (LlMS3-60). For all loci, the effective number of distinct subpopulations, D ST , was greater than one, indicating the possibility of population substructure (Jost 2008) .
MICROCHECKER software predicted possible null alleles at the locus LlMS3-60 in all collections. In addition, possible null alleles at five other loci were predicted for several collections (LhMS2-47: 8 collections; LlMS3-91 and LhMS3-53: 10 collections; LlMS3-16 and LhMS2-17: 13 collections; Supp. Table S5 [online only]). Although basic data such as allele frequencies are presented for all 13 loci, six loci with possible null alleles (LhMS2-17, LhMS3-53, LlMS2-47, LlMS3-16, LlMS3-60, LlMS3-91) were removed from genotype data during final F-statistics and gene flow calculations to avoid possible bias due to null alleles. The total numbers of alleles for the seven loci 17, 12, 9, 17, 10, and 11, respectively (Supp Table S1 [online only]).
When seven microsatellite loci were analyzed, the within subpopulation inbreeding coefficient, F IS , of all loci showed significant deviations from HWE in one or more collections (Supp Table S6 [online only]). However, none of the loci deviated from HWE in all collections. Linkage disequilibrium (LD) was observed between some pairs of loci in some of the collections (Supp Table S8 [online only]). Chi-square tests for a significant LD across all collections indicated significant LD between four pairs of loci out of a possible 21 combinations (Supp Table S9 [online only]). However, none of the locus pairs were in LD in all 15 populations, indicating that the observed cases of LD were due to factors other than genetic linkage of markers (Supp Table S8 [online only]).
Most F ST comparisons among populations collected at the same time as well as those across different times of collection indicated significant differentiation and possible substructure within tarnished plant bug populations (Table 3) . F ST comparisons indicated that collection B1 was significantly differentiated from the other four collections made during the same period. July collections B2 and C2 were also significantly differentiated from the remaining three collections. It should be noted that although comparisons between these collections were statistically significant, the actual F ST values indicate that the differentiation level is rather small. F ST comparisons between collection pairs B1-B2, B1-C2, or B2-C2 did not indicate significant differentiation. Similarly, all pair-wise F ST comparisons between collections A1, C1, D1, E1, A2, D2, and E2 were not significant (Table 3) . Interestingly, collections B1, B2, and C2 consisted predominantly of cluster 2 genotypes (61-67%) and the remaining populations in the May and July collections contained 67-95% cluster 1 genotypes ( Fig. 4a and Supp Table S12 [online only]). As expected, pair-wise comparisons between collections with similar proportions of genetic cluster 1 or 2 genotypes were not significant. In addition, probability values calculated by exact tests for population differentiation (Rousset and Raymond 1995, Goudet et al. 1996 ) also indicated significant differentiation between the populations at both spatial and temporal scales (Supp Table S10 [online only]). Deviation from HWE, the LD between unlinked loci, and the statistical parameter estimates indicating significant genetic differentiation between populations possibly indicated a genetic substructure within the tarnished plant bugs analyzed in this study.
Gene flow (N e m) between populations estimated using the private allele method and the F ST -based method (Table 4) differ; a general trend of increased gene flow from May to September is in the estimates with private allele method and such trend is not obvious in the gene flow estimated based on F ST values. Collection pairs with significant differentiation (as indicated by pair-wise F ST calculations) had lower gene flow rates in F ST -based estimates compared with the pairs without significant differentiation, obviously due to dependence on F ST for gene flow estimates. Notations: n, number of populations; H S , intrapopulation heterozygosity; H T , total population heterozygosity; D ST , absolute differentiation; G ST , relative differentiation; H ST , between subpopulation heterozygosity; D ST , effective number of distinct subpopulations; D, actual differentiation; H S /H T , proportion of intrapopulation heterozygosity to total heterozygosity; D S /D T , proportion of total diversity contained in average subpopulation; Ñ , estimated mean population size; H S_est , nearly unbiased estimator of within-subpopulation heterozygosity; H T_est , nearly unbiased estimator of total-subpopulation heterozygosity; G ST_est , nearly unbiased estimator of relative differentiation; G' ST_est , standardized measure of genetic differentiation; D est , estimator of actual differentiation.
In the FCA on populations, the first axis contributed 53.5% of the total genetic variation in 15 populations while the second and third axes contributed 6.5 and 5.2% of the total variation, respectively. The plot of centroid (center of gravity) values for the collections in the space of first three axes is given in the Fig. 2 . Axis 1 separates collections A1, C1, D1, E1, A2, D2, and E2 from the collections B1, B2, C2, A3, B3, C3, D3, and E3 (Fig. 2) . Plots of the distribution of centroid values of individuals in each collection generated by FCA are shown in Supp Fig. S1a-o (online only) .
Plots of mean estimates of log-likelihood probability of data (Ln P[K]) and the
versus K values generated by STRUCTURE simulations of the data from 15 populations are shown in Fig.  3A and B, respectively. A summary of the statistics used for plots is given in Supp Table S11 (online only). A sharp peak of DK at 2485.2 for K ¼ 2 indicated two possible genetic clusters of tarnished plant bugs among the 1,418 genotypes analyzed ( Fig. 3B ; Supp Table S11 [online only]). Mean proportion membership in each genetic cluster in each population calculated over 20 iterations is given in Fig. 4a . Figure 4b , a bar plot from a K ¼ 2 simulation, shows the estimated membership coefficient or the coefficient of ancestry (Q) for each individual tarnished plant bug from the 15 populations.
The bar plots indicated the presence of two distinct genetic clusters as well as intermediate genotypes of both clusters. Individuals of one cluster (cluster 1) dominated with !80% membership in early season (May) populations sampled, except for population B1 where cluster 1 membership was limited to 39%. By September, membership proportions of all populations had shifted to contain !78% of cluster 2 individuals ( Fig. 4a and b) . It should be noted that the two groups of populations identified in the FCA analysis also corresponded to the populations that had a high proportion of either genetic cluster 1 or genetic cluster 2 populations identified by Bayesian analysis (Figs. 2 and 4) .
AMOVA computed the hierarchical statistics U CT , U ST , U SC , U IS , and U IT , which represent the proportion of variation among groups, among populations, among populations within groups, among individuals within populations, and within individuals, respectively. These statistics examined the correlations among composite genotypes at various hierarchical levels. The groupings that maximized among-group variation and were significantly different from random distributions of individuals were assumed to be the most optimal groupings (Excoffier et al. 1992 , Tzeng et al. 2004 , Meirmans 2006 . A summary of results for among-group comparisons obtained from AMOVA performed on different Table 3 . Pair-wise F ST values (below diagonal) between tarnished plant bug populations calculated using seven microsatellite loci as implemented in FSTAT software (Goudet 2002) and the probabilities of the comparison (above diagonal) at the nominal P value of 0.05 with a Bonferroni correction for multiple testing (adjusted nominal level for multiple comparisons is: 0.000476) Comparisons between collection pairs obtained at the same time and P-values for statistically significant comparisons within time points are shown in bold. The results were rounded to 3 decimal points. For each location, Nm for populations collected in May, July, and September, separated by semi colons, are indicated in that order. Gene flow rates that could not be calculated due to negative (essentially zero) F ST values are given as infinity (¼ inf).
grouping schemes of tarnished plant bugs populations is given in the Table 5 . Variation among the 15 original collections (U ST ¼ 0.049) was low but significant (P < 0.00001). When the populations were pooled by collection site, among-group variation was essentially zero. The three groups formed by pooling the populations by collection time produced a small but significant U CT value of 0.044 (P ¼ 0.0098). The highest among-group variation values were produced by AMOVA when the populations were grouped using the FCA and Bayesian analysis results. Collections A1, C1, D1, E1, A2, D2, and E2 contained a high proportion of cluster 1 genotypes and the remainder of collections contained mostly cluster 2 genotypes. The AMOVA of these two groups based on STRUCTURE results produced the highest among-group variation at 0.077 (P < 0.00098). Similarly, the among population U ST value produced by AMOVA for two genetic clusters produced a significance of 0.038 (P < 0.00001).
Discussion
The statistical genetic analyses of 15 tarnished plant bug populations from five sites in Washington County, MS, collected at three time points over four months during the growing season indicated that 1) the populations had undergone population bottlenecks that reduced the frequency of some alleles, 2) the level of differentiation between early-season populations was higher than that between late-season populations, 3) a lower rate of gene flow prevailed between populations collected in May, with a general trend toward increased gene flow between Centroid value of each population was plotted in the space of the first three axis. Collections A1, C1, D1, E1, A2, D2, and E2 were separated from the remaining populations along the first axis, which contributed 53.5% of the total variation. Fig. 3 . Plot of K genetic clusters against the mean log probability of genotype data (A) and the ad hoc statistic DK (B) showing a major peak at K¼2. Structure Harvester program (Earl and vonHoldt 2012) was used to produce plots from the results generated by STRUCTURE 2.3.4 (Pritchard et al. 2000) .
populations later in the season, 4) the genotypes of the insects segregated into two different genetic clusters along with a group which consisted of intermediates of the two clusters, and 5) the proportions of insects in each cluster changed over the season, resulting in an inversion of ratios from May to September.
Estimates based on both private alleles and F ST estimates showed a general trend of increasing gene flow toward the latter part of the growing season. This trend is consistent with the buildup of tarnished plant bug populations from relatively low starting numbers of overwintered insects. Gene flow between most population pairs was greatest in September. It should be Populations grouped together in each analysis are shown within square brackets.
noted that the gene flow estimates made using a limited number of insects sampled from each population separated by only 1.7 to 15.8 km could be substantially influenced by immigration from nearby unsampled populations (Beerli 2004 , Slatkin 2005 . Relatively high F IS values across the loci in all 15 populations indicate a substantial level of inbreeding for individuals within subpopulations (nonrandom mating within populations), and possible substructure within all populations. The high overall F IS values reflect heterozygote deficiency at some of the 13 loci in some populations, leading to significant deviation from HWE. Evaluation of the data with MICROCHECKER software indicated possible null alleles at six of the loci , but the F IS values for these loci, with the exception of LhMS2-17, did not show significant deviations from HWE in all populations. On the other hand, the seven loci predicted to be free of null alleles showed significant deviations from HWE in some of the 15 populations (Supp Table S6 [online only]). Therefore, it is possible that the significant F IS values observed in the tarnished plant bug populations were not an artifact of null alleles, but a result of nonrandom mating due to population structure.
Exact tests for differentiation indicated a high proportion of population pairs with significant differences earlier in the growing season transitioning to no significant differences between the population pairs collected in September. This indicated that the haplotype composition in populations had undergone significant changes from May to September (Supp Table S10 [online only]).
One of the most interesting findings of this study is the detection of two genetic clusters in the tarnished plant bug populations. Although STRUCTURE software may not be suitable for identifying subtle genetic substructure within species, the results can be used effectively to identify the number of evolutionary clusters under many circumstances (Kalinowski 2011) . By calculating the ad hoc statistic DK using the results from STRUCTURE, it was possible to determine the optimal K value (number of clusters) for further evaluation of the genetic clusters. FCA analysis also separated the genotypes into two genetic clusters similar to those identified by Bayesian analysis. In the AMOVA analysis, the highest U CT or U ST values were obtained by grouping the populations that contained the highest proportion of insects belonging to the same genetic cluster, or by grouping the genotypes based on the quotient of ancestry (Q ! 0.95), respectively (Table 5) . AMOVA analysis provided an independent confirmation that the assignment of genotypes to the clusters by STRUCTURE software was not an arbitrary process. The presence of a third group of plant bugs with intermediate composite genotypes of the two genetic clusters in various proportions indicated that plant bugs in these genetic clusters are not completely genetically isolated.
Mitochondrial DNA has been used to identify genetic structure and cryptic complexes in many insect species (Mitchell et al. 1992 , Besansky et al. 1997 , Soto et al. 2001 , Salvato et al. 2002 . A recent study of mitochondrial cytochrome oxidase I and II sequences of tarnished plant bugs (Burange et al. 2012) found geographically based genetic structuring, but the authors could not confirm or reject the presence of cryptic species or subspecies. Analysis of 48 individuals each from the two genetic clusters (Q ! 0.99) using mtDNA sequences from the same cytochrome oxidase I and II region studied in Burange et al. (2012) did not reveal any correlation between the microsatellite-based genetic clusters and the mtDNA sequence polymorphisms (O.P.P., unpublished data). Therefore, the genetic clusters observed in this study were most likely a result of extrinsic factors that influenced allele frequencies rather than arising from genetic isolation.
Proportions of the two genetic clusters also changed over time, with early-season populations changing from predominantly cluster 1 individuals to late-season populations consisting of predominantly cluster 2 genotypes. This further supports the hypothesis that the genetic clusters arose from plant bug populations affected by extrinsic factors. The tarnished plant bug overwinters as an unmated diapausing adult throughout North America (Kelton 1975) . These adults are produced from nymphs that develop on wild host plants beginning in September. All surviving overwintered adults emerge from diapause and become reproductive by the end of January in the mid-South (Snodgrass 2003) . F 1 adults from the overwintered generation can be present on wild hosts as early as March after a warm winter. In 2006, the average high ambient temperature at Stoneville, MS, during February and March was 6.2 and 13.4 C, respectively (http://ext.msstate. edu/anr/drec/stations.cgi), which were lower than the 30-yr averages of 12.9 and 17.9 C (Boykin et al. 1995) . C have a generation time of about 30 d (Ridgway and Gyrisco 1960) . The average high ambient temperature at Stoneville during April was 20.8 C, which would have slowed nymphal development and the production of the F 2 generation would have required >30 d. Thus, the adults we collected in May were probably a mixture of F 1 and F 2 adults. These adults were the result of genes segregating during the sexual reproduction needed to produce both generations.
The main criteria determining the genetic composition of the low-density populations in early season are selective forces during the previous season and the host plants present from December through May. Burange et al. (2012) did not find any association of mtDNA genotypes with host plants, and it is not possible to determine if there is any association of nuclear genotypes with host plant because we do not have a reliable method to determine the host plant history of the adult insects. However, we can speculate other extrinsic factors that may influence genotype combinations. The number of wild host plant species and their abundance declines in the mid-South during July and August (Snodgrass et al. 1984) . During these months cotton is the most abundant host available to the tarnished plant Tables S13a and b [online only]). The proportion of cluster 2 genotypes in population C in July increased to 68% from 12% in the May collection. In 2006, the cotton acreage within a 1-km radius of populations B and C was 119 and 57 ha, respectively. Although there are no data available, it is likely that the cotton fields around this location received insecticide applications to control Lygus and thrips prior to July. Such insecticides would impose a strong selection pressure on the plant bug population during the summer, and may be at least partly responsible for the rapid change in the proportions of the two genetic clusters by July. Population B contained 39% cluster 1 and 61% cluster 2 genotypes in May, a relatively higher proportion of cluster 2 genotypes than the other four populations collected at the same time. In the area surrounding population B, there was approximately 91 ha of cotton grown in 2005. It is possible that, at the end of 2005 season, the overwintering insects that would produce the insects collected in location B in 2006 were already subjected to a bottleneck by the heavy insecticide applications. The diapause and other factors may have further altered the allele frequencies to contain the cluster 2 genotypes at a higher proportion. Significant deviations from HWE and the LD detected for some loci in some (but not in all) of the populations may also have been caused by extrinsic forces that altered the equilibria. Linkage disequilibrium between loci can occur when alleles at those loci are favored by adaptations to local conditions (Slatkin 2008 ). While it is not possible to determine the extent of the role insecticide sprays played in the deviations observed at these loci, genetic drift may also have significantly influenced the temporal and spatial variation of genetic structure observed in this study. Our analysis of microsatellite loci from 1,418 adult tarnished plant bugs produced a comprehensive set of population genetics parameters. Inbreeding coefficients F IS and F ST provide evidence that there was a significant level of inbreeding in most of the 15 collections (i.e. deviated from HWE) and that most population pairs were significantly different from each other, respectively. Bayesian analysis identified two main genetic clusters in each of the 15 collections, and there was a general trend toward increased proportions of cluster 2 genotypes with the progress of the season. Similar results were also produced by FCA that grouped collections with predominantly cluster 1 insects into one group and the collections with predominantly cluster 2 insects into another.
Although the insects used in this study were collected on wild host plants, the influence of crop landscape, crop phenology, and agricultural practices on tarnished plant bug populations on these wild host plants cannot be underestimated. Blooming crops attract tarnished plant bugs to the crops from less palatable wild hosts. The study area is flat land formed in the ancient Mississippi river delta without any significant geographical barriers to prevent free movement between different host plants (Gunn et al. 1980 ). Although population sampling was carried out at the same locations, most insects collected at those locations at later time points may not have represented the gene pool of the insects in the previous collection, but most likely have been greatly influenced by immigrants from unsampled populations surrounding the collection site (Beerli 2004) . The general trend of increased, but uneven, gene flow and migration rates detected from beginning to the end of the sampling period was most likely an effect of increased population sizes in and around collection sites.
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